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(54) Starting method for a turbine engine 

(57) A method for reliably starting a gas turbine en- 
gine includes commanding a rapid transient enrichment 
of the fuel quantity delivered to the engine combustion 
chamber 24, maintaining the fuel quantity at the en- 
riched level Wf targe, while operating the engine's ignition 
system, and, upon the expiration of a fixed time interval 
At or an indication of successful ignition t ign , command- 



ing a derichmentto a fuel quantity Wf termjna j equal to that 
which would be obtained during a conventional startup 
procedure. The degree of transient enrichment depends 
on the operating environment and operational state of 
the engine. In one embodiment of the invention the rate 
of enrichment corresponds to a virtual step change in 
the commanded fuel quantity and the rate of derichment 
is less than the rate of enrichment. 
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Description 

This invention relates to gas turbine engines, and 
particularly to a method for reliably starting an aircraft 
gas turbine by judiciously managing the introduction of 
fuel during the engine start sequence. 

Gas turbine engines, particularly those used for air- 
craft propulsion, must be capable of being reliably start- 
ed under a wide variety of environmental and operation- 
al conditions. For example, ground starts of an aircraft 
engine may take place at airports whose elevations 
range from approximately sea level to over 4270m 
(14000 feet). In addition, it is desirable to restart an en- 
gine which has become temporarily disabled in flight. 
These in-flight starts, customarily referred to as air- 
starts, are conducted while the aircraft is moving forward 
at a considerable velocity and at altitudes which may 
exceed 12200m (40000 feet). 

The ability to reliably start an aircraft engine is im- 
portant lo aircraft operators and airport operators alike. 
Tiouble fiee ground starting minimizes the likelihood of 
aircraft departure delays which engender passenger 
dissatislaction and disrupt operations at busy, congest- 
ed airports Reliable and successful airstarting of a tem- 
porarily disabled engine is obviously desirable, even on 
mutii-ongino aircraft, to restore full propulsive power to 
the aircraft 

Among the factors which can inhibit successful en- 
gine starling is circumferential or radial nonuniform ity of 
the fuel-air ratio in the interior of the engine's combus- 
tion chamber. For example, the overall ratio of fuel to air 
in the combustion chamber may be well within the limits 
for achieving a successful start, but the fuel-air ratio may 
be excessively lean in the immediate vicinity of the en- 
gine ignitors. 

Nonuniformities in the fuel-air ratio may arise from a 
number of causes such as uneven distribution of the air- 
stream flowing through the combustion chamber, irreg- 
ularities in the spray pattern of fuel issuing from the fuel 
injectors or inadequate atomization of the fuel. 

One obvious way to mitigate an inability to start is, 
of course, to identify and correct the underlying cause 
of the problem. Unfortunately, the identification of a root 
cause can require considerable time and effort with no 
guarantee of success. Even if the cause is accurately 
determined, it may not be possible to readily implement 
corrective measures, particularly if those measures in- 
clude modifications lo the fuel injectors, combustion 
chamber or other internal engine hardware. Such mod- 
ifications are especially objectionable if the affected 
hardware is subject to time consuming and costly de- 
velopment and if the hardware must be retrofit into ex- 
isting engines. 

Hardware modifications are also unappealing in 
view of the common practice among aircraft engine 
manufacturers of producing multiple, closely related 
variants or models of engines within a generic engine 
family A hardware modification which successfully mit- 



igates an inability tostart one engine model within afam- 
ily may be nonoptimal or completely ineffective for a re- 
lated model in the same family. Thus, a starting problem 
which affects multiple models of an engine family may 

s compel the engine manufacturer to develop a number 
of model specific hardware modifications. The resultant 
absence of hardware commonality within the family 
complicates maintenance and repair logistics and is ob- 
jectionable to the engine's owner. 

io Another potential solution is to simply replace the 
exciters, which apply voltage across the ignitors to gen- 
erate electrical sparks : with exciters of higher capacity 
so that the ignitor sparks extend further from the ignitors 
and into a region of the combustion chamber where the 

is fuel-air ratio is more favorable for ignition. Since the ex- 
citers are mounted on the exterior of the engine and are 
readily available in a variety of capacities, this approach 
may be less objectionable than one which involves mod- 
ifications or changes to internal engine hardware. How- 

20 ever even if the more energetic sparks are capable of 
reaching a region of adequate fuel-air ratio within the 
combustion chamber, the expense of higher capacity 
exciters makes this option unappealing. Higher capacity 
exciters also add weight and consume additional space 

2S - distinct disadvantages in aircraft applications ~ and 
may reduce ignitor life. 

Another possible strategy is to enrich the fuel-air 
mixture near one or more of the ignitors during the en- 
gine start sequence by distributing a disproportionate 

30 share of the engine's fuel to the fuel injectors in the vi- 
cinity of the ignitors. Such fuel reapportionment may be 
effected by changes or adjustments to a fuel metering 
unit in the engine's fuel system. However, as is the case 
with other hardware modifications, changes or adjust- 

35 ments to the metering unit introduce undesirable hard- 
ware noncommonality into an engine family. 

Yet another possible solution is to adjust the behav- 
ior of the engine controller, a device which automatically 
regulates various aspects of engine operation. Gas tur- 

40 bine engine controllers customarily include a starting fu- 
el schedule which governs the quantity of fuel delivered 
to the combustion chamber during engine starting. 
Since the starting fuel schedule is typically adjustable, 
the schedule can be raised to increase the quantity of 

4$ fuel delivered during an engine start, thereby increasing 
the likelihood of successful ignition. Such an increase, 
however, affects the quantity of fuel delivered through- 
out the entire duration of the start, not just during the 
ignition phase of the start. Once ignition has occurred, 

so the increased fuel quantity causes the engine to accel- 
erate so rapidly that the aerodynamic stability of the en- 
gine compressors is compromised and the engine is un- 
able to complete its acceleration to idle speed. 

There is, therefore, a need to improve the starting 

55 reliability of a turbine engine across a wide range of op- 
erational and environmental conditions. 

There is also a need to improve engine starting re- 
liability without introducing hardware changes into the 
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engine and without introducing hardware noncommon- 
ality into an engine family. 

There is a further need to improve the success rate 
of turbine engine starting in a manner which is readily 
adaptable to engine variants within an engine family and 
which can be conveniently applied to existing engines. 

When viewed from a first aspect, the present inven- 
tion provides a method of starting a gas turbine engine 
having a combustor, a fuel system for supplying fuel to 
the combustor. a control system capable of issuing a fuel 
flow command to the fuel system, and an ignition system 
for providing a source of ignition, comprising: 

increasing the fuel flow command from an initial val- 
ue to a target value at a predetermined rise rate; 
maintaining the fuel flow command at or above the 
target value while operating the ignition system; and 
upon the occurrence of a predefined event, de- 
creasing the fuel flow command to a terminal value 
al a predetermined decay rate, the terminal value 
being no less than the initial value. 

From a second aspect the invention provides a con- 
trol system for the fuel system of a gas turbine engine 
comprising moans for increasing a fuel flow command 
signal from an initial value to a target value at predeter- 
mined rise rate; means for maintaining said fuel flow 
command at or above said target value while an ignition 
system is operated; and means to decrease the fuel flow 
command to a terminal value which is no less than said 
initial value, upon the occurrence of a predetermined 
event. 

Thus it will be seen that in accordance with the in- 
vention, reliable starting of a turbine engine may be en- 
sured by commanding a rapid transient enrichment of 
the fuel quantity delivered to the engine combustion 
chamber, maintaining the fuel quantity at its enriched 
level while operating the ignition system and, upon the 
occurrence of a predefined event, commanding a de- 
richment to a fuel quantity equal to that which would be 
obtained during a conventional startup procedure. 

In preferred embodiments of the invention, the de- 
gree of transient enrichment depends on the operating 
environment and operational state of the engine. 

In further preferred embodiments of the invention, 
the predefined event is the expiration of a time interval 
sufficiently long to maximize the likelihood of ignition but 
short enough to minimize accumulation of fuel in the 
combustion chamber in the event that ignition is unsuc- 
cessful, and also short enough to preclude excessively 
rapid engine acceleration in the event of successful ig- 
nition. In other preferred embodiments of the invention 
the predefined event is an indication of successful igni- 
tion. 

According to one preferred embodiment of the in- 
vention in which a digital electronic controller issues 
commands to the engine's fuel system, the controller in- 
creases a mass flow rate command at a rise rate corre- 



sponding to a virtual step change and, after the expira- 
tion of a time interval, decreases the mass flow rate 
command at a decay rate which is slower than the rise 
rate. 

5 The starting method and control system of at least 
the preferred embodiments of the present invention are 
advantageous in several respects. The method is uni- 
versally applicable to ground starts and airstarts and im- 
proves the success rate of engine starting over a wide 
range of altitude, airspeed and air temperature. Since 
the method can be programmed into the software of a 
digital electronic controller, it is readily adaptable to en- 
gine variants within an engine family and therefore 
avoids the complications of hardware noncommonality 
within the family. Furthermore, the starting capability of 
existing engines can be upgraded by simple, convenient 
updates to the software of their control systems. Since 
implementation of the method is not dependent upon the 
development of new or modified engine hardware (e.g. 
combustion chambers and fuel injectors), the associat- 
ed expense and delay are avoided. The expense and 
added weight of higher capacity exciters is likewise 
avoided. 

Certain preferred embodiments of the present in- 
vention will now be described, by way of example only, 
with reference to the accompanying drawings in which: 

Figure 1 is a schematic cross sectional side view of 
a turbofan gas turbine engine; 
Figure 2 is a graph comparing a turbine engine 
starting method in accordance with the present in- 
vention to an engine start carried out under the au- 
thority of a conventional starting fuel schedule pro- 
grammed into the engine's controller; 
Figure 3 is a graph similar to that of Figure 2 and 
illustrating an alternative embodiment of the inven- 
tion; and 

Figures 4a through 4d are flow diagrams of a logic 
network representing a method in accordance with 
the present invention in a form suitable for incorpo- 
ration in a digital electronic controller. 

Referring to Figure 1 , a gas turbine engine 1 0 of the 
type used for aircraft propulsion includes a low speed 
rotor comprising a low speed compressor 12 and a low 
speed turbine 14 interconnected by a low speed shaft 
16, a high speed rotor comprising a high speed com- 
pressor 18 and a high speed turbine 20 interconnected 
by a high speed shaft 22, and a combustion chamber 
24. The high and low speed shafts are concentric and 
the rotors are independently rotatable about a longitu- 
dinally extending central axis 26. The engine's auxiliary 
equipment includes a starter motor 30 for rotating the 
high speed rotor during engine startup. A fuel system 
for regulating the delivery of fuel to the engine includes 
fuel storage tank 32, fuel pump 34 fuel metering unit 36, 
fuel supply manifold 38 and a set of circumferentially dis- 
tributed fuel injectors 40 extending from the manifold 
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and into the interior of the combustion chamber. An en- 
gine ignition system includes one or more circumferen- 
tially separated ignitors 44 each of which extends into 
the combustion chamber in the vicinity of one of the fuel 
injectors, and exciters 46 for applying a voltage across s 
each ignitor. 

The engine is also equipped with a control system 
which includes a digital electronic controller 50. The 
controller receives signals 52 indicative of the operating 
environment and operational state of the engine. Among 10 
these signals are those corresponding to the calibrated 
airspeed CAS and altitude ALT of the aircraft, the stag- 
nation or total temperature T 2 at engine intake 56 and 
the mechanical speed N 2 of the high speed rotor. A va- 
riety of command signals 58 are issued by the controller 15 
to command the operation of the metering unit 36 and 
other equipment installed on the engine. 

During a typical ground start, the starter motor ro- 
tates the high speed rotor so that ambient air 60 is drawn 
through the engine. Once the starter motor has accel- 20 
erated the rotor to a sufficiently high rotational speed, 
the exciters apply a voltage across each of the ignitors, 
and the fuel metering unit supplies fuel to the combus- 
tion chamber, the quantity of fuel being determined by 
a starting fuel schedule programmed into the controller. 25 
The voltage across the ignitors generates an electrical 
spark which, if the fuel and air are properly proportioned 
and mixed, ignites the fuel-air mixture resulting in further 
acceleration of the rotor. After the rotor has accelerated 
to (or above) a speed at which the assistance of the 30 
starter is no longer required (referred to as the self sus- 
taining speed) the starter is disengaged and the engine 
accelerates to idle speed. 

A typical airstart sequence is similar to the above 
described ground start sequence, however the action of 35 
the starter motor may be unnecessary since the high 
speed rotor is usually rotating or "windmiiling" as a con- 
sequence of the aircraft's forward velocity. 
Elements of both the ground start sequence and the air- 
start sequence can be executed manually by the aircraft *o 
crew. For example, depending on the specific type of 
aircraft in question, the crew may be able to command 
the engagement and disengagement of the starter mo- 
tor and the operation of the ignitors. The crew may also 
be able to manually command the initial introduction of 
fuel into the combustion chamber, although the precise 
quantity of fuel metered to the combustion chamber re- 
mains under the authority of the controller 50. Alterna- 
tively, the crew can signal the controller to carry out the 
start sequence autonomously, without further crew in- so 
tervention. 

In the accompanying description of the invention, 
the phrase "fuel flow* refers to the mass flow rate of fuel 
(or the corresponding mass flow rate command issued 
by the controller) expressible in units of mass per unit ss 
time. The phrase "fuel flow rate" is the rate of change of 
fuel flow (or the corresponding commanded rate of 
change), expressible in units of mass per unit time per 



unit time. 

Referring now to Fig. 2, a fuel flow command Wf cmd 
(solid line) corresponding to a method in accordance 
with the present invention is compared to an analogous 
command (broken line) for a start carried out under the 
authority of a conventional starting fuel schedule pro- 
grammed into the controller Each major division along 
the horizontal axis represents five seconds of time and 
each major division along the vertical axis represents 
500 pounds per hour (0.0630 kg/s) of fuel flow. Those 
skilled in the art will recognize that the actual fuel flow 
supplied to the combustion chamber deviates slightly 
from the commanded fuel flow shown in the figure due 
to factors such as the volume of the fuel manifold 38 and 
the inertia of the moving parts in the metering unit 36. 

As seen in Fig. 2, the fuel flow command issued by 
the controller is increased from an initial value Wf jnjtia , to 
a target value Wf^^ at a predetermined rate of change 
or rise rate. The target value, Wt^^, varies as a func- 
tion of the engine's operating environment and opera- 
tional state just prior to the onset of the change. The 
change in fuel flow command begins at time t t and is 
accompanied by the application of electrical power to 
the exciters and, a short time thereafter the resultant 
presence of a spark inducing voltage across the ignitors. 
The fuel flow command reaches the target value at time 
tj+S where 8 is a time interval sufficiently small that the 
rise rate corresponds to a virtual step change. As imple- 
mented in the digital electronic controller of Fig. 1 , 8 is 
24 milliseconds and corresponds to the update interval 
between successive fuel flow command calculations. 
Slower rise rates may also be employed although it is 
desirable that the fuel flow command be increased 
quickly enough that the fuel flow supplied to the engine 
combustion chamber approximates the commanded 
target value when a spark inducing voltage first appears 
across the ignitor. 

The fuel flow command is maintained at the target 
value and the ignition system continues to operate until 
the occurrence of a predefined event such as the expi- 
ration of a fixed time interval At at time t 3 . Time interval 
At may be as short as the above described update in- 
terval provided that the fuel system responds quickly 
enough to supply the combustion chamber with enough 
fuel to support ignition. Interval At must also be long 
enough that at least one spark, and preferably multiple 
sparks, are generated by the ignitors during the interval. 
Otherwise, a longer interval may be advisable to maxi- 
mize the likelihood of successful ignition. The interval is 
also short enough to minimize the accumulation of un- 
combusted fuel in the combustion chamber in the event 
that ignition is unsuccessful. In the controller 50 of Fig. 
1, time interval At is 3.0 seconds. Alternatively, the pre- 
defined event may be an indication of successful igni- 
tion, as shown at time t^, communicated to the control- 
ler 50 by way of one of the control signals 52 (Fig. 1 ). In 
practice, the indication of successful ignition may be 
based on engine pressures, temperatures or other pa- 
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rameters known to be responsive to ignition. 

Upon the occurrence of the predefined event, the 
fuel flow command is decreased from the target value 
to a terminal value Wf tcrminaf at a predetermined decay 
rate. The terminal value is reached at time t 4 and is the 
fuel flow corresponding to the conventional starting fuel 
schedule programmed into the controller. Since the 
speed of the high speed rotor will have increased during 
the start sequence, and since the starting fuel schedule 
calls for increased or undiminished fuel flow with in- 
creased rotor speed, the terminal value is no less than 
the initial value. The engine start sequence continues 
under the authority of the starting fuel schedule and the 
engine accelerates past its self sustaining speed at time 
t 5 and stabilizes at idle at time t € . 

For simplicity of implementation, both the rise rate 
and decay rate are constants, that is, the fuel flow com- 
mand increases and decreases linearly. However either 
or both rates may be made variable. The rise rate is a 
virtual step change so that the target fuel flow value is 
achieved as rapidly as possible thereby maximizing the 
opportunity for successful ignition. Ideally, the decay 
rate is smaller than the rise rate, particularly if the crite- 
rion for the onset of the decay is the expiration of a fixed 
time interval rather than an indication of successful ig- 
nition. The more modest decay rate provides an addi- 
tional interval of opportunity for ignition to occur. Accord- 
ingly, the ignition system continues to operate at least 
until t 4 , the time at which the commanded fuel flow is 
restored to the value corresponding to the conventional 
starting fuel schedule. 

The present invention also embraces multiple en- 
richment cycles as illustrated in Figure 3. According to 
the illustrated embodiment of the invention, the steps of 
increasing the fuel flow command to a target value, 
maintaining the command at the target value until the 
occurrence of a predefined event, and decreasing the 
command to a terminal value are repeated a limited 
number of times. In this embodiment the decay rate of 
each enrichment cycle is equal to or nearly as large as 
the rise rate to minimize the delay between successive 
cycles. As also seen in Fig. 3, it may be desirable to 
interrupt the repetition of the enrichment cycles in re- 
sponse to an indication of successful ignition as shown 
at time tj gn . 

Figures 4a through 4d show a logic network for im- 
plementing the invention in a digital electronic controller. 
Standard symbols are used to represent Boolean oper- 
ators AND, OR and NOT; nonstandard operations are 
described in the accompanying description. The illus- 
trated implementation is one in which a fuel enrichment 
increment or "pulse" is added to the fuel flow command- 
ed by a conventional starting fuel schedule and in which 
the expiration of a fixed time interval initiates the decay 
of the fuel flow pulse from its target value to its terminal 
value. 

Fig. 4a illustrates the synthesis of a signal 131, 
mnemonically designated STPULS, which enables or 



disables the fuel flow pulse. COMPARATORS 101, 102, 
cooperate with SELECTOR 103 to determine if the ro- 
tational speed N 2 of the high speed rotor is low enough 
to justify the application of the fuel flow pulse. For ex- 
5 ample there may be one or more speed ranges over 
which the stall margin of compressors 12, 18 (Fig. 1) is 
insufficient to tolerate a rapid increase of fuel flow into 
the combustion chamber. Each COMPARATOR com- 
pares the rotational speed of the high speed rotor to a 
maximum threshold speed (3000 or 5000 revolutions 
per minute) and, based on the result of the comparison, 
communicates a signal 104, 105 having a TRUE or 
FALSE value to SELECTOR 103. The SELECTOR is 
responsive to a control signal 106, such as a weight-on- 
wheels signal WOW, to distinguish between ground op- 
eration and in-flight operation. Depending on the polarity 
of the WOW signal the SELECTOR output signal 108 
communicates the result of the appropriate speed com- 
parison to AND gate 107. For example, if the aircraft is 
in flight the WOW signal is FALSE and the output of 
COMPARATOR 102 (TRUE if speed is below 5000 rpm 
and FALSE if speed is equal to or greater than 5000 rpm) 
is communicated to AND gate 107. 

COMPARATOR 110 determines if the rotational 
speed of the high speed rotor is higher than a minimum 
threshold speed (1600 rpm). The effect of this compar- 
ison is nullified in flight to preserve the ability to conduct 
a windmill airstart (an airstart conducted without the as- 
sistance of the starter motor 30) irrespective of the wind- 
milling speed of the high speed rotor. The nullification is 
effected by the complement, WOW" 1 , of the weight-on- 
wheels signal and OR gate 111 whose output signal 112 
is communicated to AND gate 113. During in-flight op- 
eration, WOW- 1 is always TRUE so that signal 112 is 
also TRUE and the desired nullification of the minimum 
threshold speed comparison is ensured. 

COMPARATORS 114, 115, acting in conjunction 
with OR gate 116 determine if the aircraft crew has set 
an appropriate flight deck switch to request operation in 
one of the two starting modes, manual or automatic. If 
either starting mode has been requested, signal 117, 
which is communicated to AND gate 113, is TRUE. 

The final condition for enabling or disabling the fuel 
flow pulse is the polarity of an IGNITE signal 118. The 
IGNITE signal is TRUE when electrical power is applied 
to the exciters and the fuel metering unit is commanded 
to supply fuel to the combustion chamber. In the manual 
starting mode, these two criteria are satisfied when the 
aircraft crew sets an appropriate flight deck switch. In 
the automatic start mode, the ignition and fuel metering 
commands are issued by the controller which then sets 
the IGNITE signal to TRUE. 

As is clear from the figure, when signals 108, 112, 
1 1 7 and 1 1 8 are all TRUE, output signal 1 20 from AND 
gate 107 is TRUE. Signal 120 is communicated to 
LATCH construct 1 30 thereby signifying that all required 
conditions for enabling the fuel pulse have been satis- 
fied. The LATCH construct is a logical circuit whose out- 
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put signal 131 becomes TRUE when its input signal 120 
becomes TRUE. The output signal then remains TRUE, 
regardless of the polarity of the input, until reset signal 
1 32 becomes TRUE at which time the output signal be- 
comes FALSE. The reset signal 132 becomes TRUE if 
any one of signals 112, 117 or 118 become FALSE, i.e. 
if any of the enabling criteria other than the maximum 
threshold speed are violated. The maximum threshold 
speed criterion (signal 108) is not considered since it is 
anticipated that one of the other reset conditions, most 
likely the expiration of timer 134, will be satisfied prior 
to the attainment of the applicable threshold speed. 
Moreover, in the unlikely event that one of the other reset 
conditions is not satisfied, it is not desired to interrupt 
an ongoing pulse as the rotor accelerates through the 
maximum threshold. Due to the action of OR gate 133, 
the reset signal also becomes TRUE upon the expiration 
of TIMER 134. The TIMER starts when STPULS, the 
output of LATCH construct 130, becomes TRUE, and 
expires 3.0 seconds thereafter. 

Figure 4b illustrates the determination of an ampli- 
fier 151, mnemonically designated PLSSIZ, which es- 
tablishes the peak amplitude of the fuel flow pulse. The 
amplifier is determined by means of an ASSIGN con- 
struct 1 40, arrays 1 41 , 1 42 of tabular data and a pair of 
SELECTORS 143, 144. The ASSIGN construct is a log- 
ical circuit which assigns the value of its input 145 to its 
output 146 as long as control signal 147 is TRUE. Ac- 
cordingly, the output signal is continually updated to re- 
flect any changes in the input signal. When the control 
signal becomes FALSE, the ASSIGN construct discon- 
tinues updating the output signal so that the output sig- 
nal remains fixed at the value corresponding to the most 
recent update. Tabular data array 1 41 expresses a peak 
amplifier for ground operation as a function of an engine 
parameter indicative of the operational state of the en- 
gine. In the illustrated embodiment, the operational state 
of the engine is indicated by N^VT^) 0 - 5 , the rotation- 
al speed of the high speed rotor "corrected" to standard 
ambient conditions (T 2 is the absolute stagnation tem- 
perature at the engine intake and T std is a standard ab- 
solute temperature of 288.2 K (518.7 °R)). Tabular data 
array 142 expresses a peak amplifier for in-flight oper- 
ation as a function of the operating environment of the 
aircraft, specifically aircraft altitude ALT and calibrated 
airspeed CAS. 

The corrected speed signal, abbreviated N 2 C 2 in 
the figure, is the input signal communicated to the AS- 
SIGN construct. As long as the fuel flow pulse is not en- 
abled (i.e. STPULS as synthesized on Fig. 4a is FALSE) 
any changes in N 2 C 2 are communicated to data array 
1 41 so that the output 1 48 of the data array, which is the 
amplifier for ground operation, varies with N 2 C 2 . Once 
the fuel pulse is enabled, however, STPULS becomes 
TRUE and the ASSIGN construct discontinues updating 
output 1 46. Tabular array 1 41 is then entered with a fixed 
value of N 2 C 2 , specifically, the value just prior to ena- 
blement of the pulse, so that the value of ground ampli- 



fier 148 does not change as N 2 C 2 increases during an 
engine start. 

The amplifier 149 for in-flight operation is obtained 
from tabular array 142 as a function of altitude and cal- 
5 ibrated airspeed signals, ALT and CAS respectively. Be- 
cause the ALT and CAS signals change slowly, if at all, 
during an engine start, they are communicated directly 
to tabular array 142 without the intervention of an AS- 
SIGN construct. 

10 Amplifier signals 148, 149 are communicated to SE- 
LECTOR 143. Based on the polarity of the weight-on- 
wheels signal WOW, SELECTOR 143 conveys a signal 
150 representing either the ground amplifier 148 or the 
in-flight amplifier 149 to SELECTOR 144. SELECTOR 

15 1 44, operating in response to the pulse enablement sig- 
nal STPULS, produces amplifier signal 151 (mnemoni- 
cally designated PLSSIZ) equal to either signal 1 50, cor- 
responding to a fuel pulse of finite amplitude, or to the 
value 1 .0, corresponding to the absence of a fuel pulse. 

20 Figure 4c illustrates the portion of the logic network 
which determines the actual amplitude of the fuel pulse 
and manages the rate at which the fuel flow command 
changes. ASSIGN construct 160 receives a generally 
time varying input signal STRU3 representative of the 

25 fuel flow commanded by a conventional starting fuel 
schedule (not shown). Multiplier 162 multiplies ASSIGN 
output signal 161 by the amplifier PLSSIZ (Fig. 4b) and 
the resulting product is reduced, at summing junction 
164, by the ASSIGN output signal 161 to yield an inter- 

30 mediate signal 165. Thus, it is seen that when the fuel 
pulse is disabled (i.e. when STPULS is FALSE and its 
complement STPULS" 1 is TRUE) the value of PLSSIZ 
(from Fig 4b) is 1.0 and time varying output signal 161 
is merely subtracted from itself at summing junction 164 

3$ to yield an intermediate signal 1 65 whose value is zero. 
When the fuel pulse is enabled, PLSSIZ assumes a non- 
unity value based on the appropriate tabular array 141 , 
142 (Fig. 4b) and a constant value output signal 161 is 
used as the basis for computing a nonzero intermediate 

40 signal 1 65. Signal 1 65 represents a fuel flow magnitude 
expressible in units of mass per unit time. 

Intermediate fuel flow command signal 165 is com- 
municated to a RATE LIMIT construct 166. The RATE 
LIMIT accepts a generally time varying input signal, 

45 such as intermediate signal 165, and generates a cor- 
responding output signal, such as signal 167 : whose 
rate of change is restricted. The particular RATE LIMIT 
shown in the illustration is a negative rate limit which 
restricts the rate of decrease of output signal 167 but 

50 places no restriction on its rate of increase. The illustrat- 
ed RATE LIMIT limits the rate of decrease of signal 167 
to 120 pounds per hour per second (.0151 Kgs* 2 ) for 
ground operation and 90 pph/sec (.0113 Kgs* 2 ) for in- 
flight operation depending on the output 168 of SELEC- 

55 TOR 169. SELECTOR 169 uses the polarity of the 
weight-on-wheels signal WOW to distinguish between 
ground and in-flight operation. The decreasing rate limit 
imposed by RATE LIMIT construct 166 corresponds to 
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the finite decay tM of the fuel flow command observed 
in Fig ? Trie absence of any increasing rate limit cor- 
responds to the virtual step increase observed in figure 
2 A SELECT HIGH construct 1 70 selects the higher of 
its two inputs signal 167 and the numerical value zero, 
thereby ensunnq that the rate limited pulse amplitude 
signal 172 mncmcnically designated WFPULS, re- 
mains positive 

COMPARATORS 173, 174, AND gate 175 and OR 
gate 176 coopcate to set the polarity of a signal 
PLSACT indicative of whether or not a previously ena- 
bled fuel flow pulse has decayed to its terminal value. 
Signal PLSACT is TRUE, signifying that the pulse has 
not decayed to its terminal value, anytime the pulse is 
enabled as indicated by STPULS being TRUE. 
Alternatively PLSAC1 is TRUE if the rate and amplitude 
limited fuel pulse VWPULS exceeds a threshold (2.0 
pph.) and if COMPARATOR 174 indicates that an inter- 
mediate fuel t o* command WFSPK (described in the 
following discussion of Fig 4d) is at least as large as 
the fuel flo* &»ujr at STRU3 corresponding to the con- 
ventional staring schedule 

Figure 4d illustrates the application of the fuel flow 
pulse, WFPULS Id tr c I jcI flow signal STRU3 issued by 
the conventional starting fuel schedule. As long as sig- 
nal PLSACT is TRUE ASSIGN construct 1 80 generates 
a nonaugmentod outpu' signal 181 indicative of the val- 
ue of STRU3 just pro* to enablement of the pulse. The 
nonaugmentod s^rwi k incremented by the amplitude 
of the fuel flow putso WFPULS, at summing junction 
182. The resuftirg augmented signal 183, along with 
nonaugmented signal 191 are communicated to SE- 
LECTOR 134 SELECTOR 184, operating in response 
to the PLSACT siqral communicates a signal 185 to 
SELECT HIGH construct 186. Signal 185, mnemonical- 
ly designated WFSPK rcorcsents either the nonaug- 
mented or augmented fuel flow command signal 181, 
1 83 depending on whether or not the pulse has decayed 
to its terminal value as indicated by PLSACT SELECT 
HIGH construct 156 crsures that signal 187, which is 
the fuel flow command signal Wf cmd , is no lower than 
the fuel flow STRL3 requested by the starting fuel 
schedule. 

It will be appreciated by those skilled in the art that 
many modifications may be made to the embodiments 
described above without depaning from the scope of the 
invention. For example although in the method de- 
scribed the fuel command is maintained at a constant 
value once it has readied the target value, it is equally 
possible within the scope of the invention for the fuel 
command to rise above the target value prior to its de- 
cay. 



Claims 

1 . A method of sta-ting a gas turbine engine having a 
combustor, a fuel system for supplying fuel to the 



combustor, a control system capable of issuing a 
fuel flow command to the fuel system, and an igni- 
tion system for providing a source of ignition, com- 
prising: 

5 

increasing the fuel flow command from an initial 
value to a target value at a predetermined rise 
rate; 

maintaining the fuel flow command at or above 
the target value while operating the ignition sys- 
tem; and 

upon the occurrence of a predefined event, de- 
creasing the fuel flow command to a terminal 
value at a predetermined decay rate, the termi- 
nal value being no less than the initial value. 

2. A control system for the fuel system of a gas turbine 
engine comprising means for increasing a fuel flow 
command signal from an initial value to a target val- 
ue at predetermined rise rate; means for maintain- 
ing said fuel flow command at or above said target 
value while an ignition system is operated; and 
means to decrease the fuel flow command to a ter- 
minal value which is no less than said initial value, 
upon the occurrence of a predetermined event. 

3. The method or control system of claim 1 or 2 char- 
acterized in that the target value is a function of at 
least one of the operating environment of the engine 

30 and the operational state of the engine. 

4. The method or control system of claim 1 , 2 or 3, 
characterized in that the rise rate is a virtual step 
change. 

35 

5. The method or control system of any preceding 
claim characterized in that the rise rate exceeds the 
decay rate. 

40 6. The method or control system of any preceding 
claim characterized in that the rise rate and the de- 
cay rate are constants. 

7. The method or control system of any preceding 
45 claim characterized in that the predefined event is 

an indication of a successful ignition. 

8. The method or control system of any preceding 
claim characterized in that the predefined event is 

50 the expiration of a time interval. 

9. The method or control system of claim 8 character- 
ized in that the time interval is a function of a control 
system calculation update interval. 

55 

10. The method or control system of claim 8 or 9 com- 
prising the step of or means for repeating the in- 
creasing, maintaining and decreasing steps a limit- 



15 



20 



55 



13 EP 0 856 651 A2 14 

ed number of times. 

11. The method or control system of claim 10 charac- 
terized in that the repetition of the increasing, main- 
taining and decreasing steps is interrupted in re- $ 
sponse to an indication of successful ignition. 
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(54) Starting method for a turbine engine 



(57) A method for reliably starting a gas turbine en- 
gine includes commanding a rapid transient enrichment 
of the fuel quantity delivered to the engine combustion 
chamber 24, maintaining the fuel quantity at the en- 
riched level Wffc^, while operating the engine's ignition 
system, and, upon the expiration of a fixed time interval 
At or an indication of successful ignition t^, command- 



ing a derichment to a fuel quantity Wf termjna , equal to that 
which would be obtained during a conventional startup 
procedure. The degree of transient enrichment depends 
on the operating environment and operational state of 
the engine. In one embodiment of the invention the rate 
of enrichment corresponds to a virtual step change in 
the commanded fuel quantity and the rate of derichment 
is less than the rate of enrichment. 
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